OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. This paper introduces a mock-up with a solid iron cylinder rotating in a fixed excitation frame powered by dc current. A uniform field is created in the rotating cylinder, which is driven by an external motor. The braking torque is measured, allowing the study of iron losses generated by a uniform rotating field. The aim is to advance toward a vector iron loss model that takes into account different magnetization directions and their interdependency. The eddy current losses are the dominant loss source in the mock-up, rendering it easier to model. A standard eddy currents model is proposed. It models well the losses at low and medium magnetic flux density, but lower losses are measured near saturation levels. This could be due to the high thickness to radius ratio changing the eddy current paths near the edges of the rotor, which can be later analyzed by a full 3-D finite-element method analysis. A 2-D finite-element method simulation is performed, which estimates the magnetic flux heterogeneity in the rotor. Several lessons are drawn from this mock-up, which prepares a second version with a higher speed and a longer laminated stack rotor. A higher air gap will decrease the voltage fluctuation in the primary winding, a smaller angular opening of the excitation frame will improve the uniformity of the flux in the rotor.
I. INTRODUCTION

I
RON losses in electric machines have been studied for decades [1] , [2] . Following the introduction of power electronics drives, the speed and base frequencies of electric machines increased. This allowed a volume reduction at constant power, because the size of a motor is essentially linked to its torque [3] . With higher base frequencies, the iron losses have become the dominant loss source in many electric machines [4] , [5] , enhancing the need for accurate iron loss modeling [6] .
Traditional iron loss measurements of soft magnetic materials are done on Epstein frames with loose lamination stacks, with a sinusoidal magnetic flux density, according to the IEC 60404-2 norm. Several iron loss models, such as the widespread Bertotti model [7] , have been developed to predict losses in an Epstein frame. These models are 1-D, modeling only a non-rotating uniform field. They also model only one single sine frequency, and do not take into account the influence of the spectrum of the magnetic flux density.
Several models have tried to bypass these limits. The Preisach and Play models, which are equivalent, model the quasi-static hysteresis, accurately taking into account the field waveforms [8] , but it remains a scalar 1-D model. The losssurface model relies on a mapping of the losses, dynamically linking different points of a static loss surface. However, this model is also a scalar model, which poorly takes into account the influence of a variable direction magnetic field.
This study is a first step toward a model of variable direction magnetic field iron losses, which will lead later to a full 2-D iron losses model. One of the aims of such a model is to accurately take into account the interdependence of the magnetization directions. field is applied in a direction called x, the relative permeability of the steel sheet in the orthogonal y-direction will be small because of saturation, which can lead to higher losses.
The study presented in this paper is an experimental study. The results will give a first insight into the validity of the models. It will also help to assess the difficulties of setting up a more complete experiment.
II. EXPERIMENT DESCRIPTION A. Mock-Up Description
The mock-up is fundamentally an eddy current brake. A solid cylinder is rotating inside a two-pole magnetization frame, as presented in Figs. 1 and 2 .
The aim of the magnetizing frame is to produce a constant uniform vertical magnetic field inside the rotating cylinder. Its two windings have 375 turns each, with a copper section of 10 mm 2 . They are supplied with the same regulated dc current generated by a lab regulated power supply. The stator magnetic circuit is composed of 0.2 mm non-oriented siliconsteel (NO20) in order to ensure low stator iron losses. The magnetic flux in the stator will be roughly constant, which will also limit the stator iron losses.
The sample under test is a solid pure iron cylinder with an 80 mm outer diameter and a 5 mm axial thickness. It is glued onto a non-magnetic shaft to minimize flux leakage and preserve the magnetic shape. The shaft is mounted on air bearings in order to minimize friction losses. It is driven by an external motor through a torque meter, and the resistant torque is measured. This torque is mainly composed of the iron losses in the rotor. The high thickness without lamination will generate high eddy currents and therefore high iron losses, which will be easier to measure. Lower speeds are required to reach significant torque, which eases mechanical conception and rotor balancing requirements. The rotor is balanced for 3000 rpm (50 Hz). A similar second mockup with a lamination stack sample rotating at higher speed (40 000 rpm) is planned for later. It will have much smaller resistant torque and will require greater care for the driveline design, so that the mechanical losses remain much smaller than the iron losses. The lessons drawn from this simpler mock-up will help design and make the second version.
Two secondary coils are added around the center of the stator magnetic circuit (Fig. 3) . Made of thin magnet wire, their aim is to measure the magnetic flux crossing the rotor. When steady state is reached, the current supplied in the primary windings is reversed thanks to two solid state switches. The voltage generated in the secondary coils is measured, stored, and integrated. Applying the Lenz law (1), this gives the total magnetic flux crossing the center of the stator ϕ 1 and the leakage flux bypassing the rotor ϕ 2 . t is the switching time (current rise time), V is the voltage over the secondary coil, and N is the number of turns
Installing a secondary coil directly around the rotor was too difficult, so the choice was made to measure both total and leakage flux. It is assumed the leakage flux is symmetric, so only one secondary leakage coil is installed.
B. Experiment Setup
The stator is supplied with a regulated dc current between 0 and 60 A. The driving motor is controlled with a constant speed between 0 and 3000 rpm. The torque is measured with a T40 contactless HBM torquemeter. At each speed, a torque measurement is first made without current, and is then subtracted from the other measurements with current. This no-current torque measurement is due to both the torquemeter offset and the mechanical losses. This subtraction helps to ensure that the considered torque is only due to the iron losses. The voltage in the primary windings is monitored in order to verify the power flows. If the voltage measured is only due to the Joule losses of the windings, this will ensure that all the iron losses are measured by the mechanical torque and that no power escapes through the primary windings.
At a given current, once the steady state is reached, the current is reversed and the voltage in the secondary coils is measured and stored.
III. RESULTS
A. Primary Voltage
The voltage powering the primary winding has been measured at each speed and primary current, its time average calculated and compared to the Joule voltage drop. For each current, the Joule losses were determined by supplying the primary winding with the rotor stationary. They were always measured before and after the experiment, to check for the temperature rise of the winding, which would increase the losses. Table I presents the average primary voltages measured with the all-speed minimum and maximum measured (that is, in the list of the primary voltage measured at different speeds and a given current, the minimum and the maximum voltage are extracted and listed in Table I ).
The average voltage appears to be independent of the speed and equal to the Joule voltage drop. The measured fluctuations are below the probe's accuracy. This result proves that no mechanical power is passed to the primary winding, and so all the iron losses are retrieved in the mechanical torque (alongside the mechanical losses).
On the other hand, as can be seen in Fig. 4 , there is a significant oscillation with a peak-to-peak value worth 30% of the voltage mean (equal to the Joule voltage drop), with a time period equal to the mechanical period. This oscillation can be due to the mechanical imperfection of the rotating cylinder, with variations of the air gap leading to a reluctance variation of the magnetic circuit. The mechanical precision of the rotating cylinder is 0.1 mm, and the air gap is 0.3 mm, which may indeed lead to a 30% air gap fluctuation (±0.1 mm), and a 30% reluctance variation. In order to reduce this effect, the next version of the mock-up can have a bigger air gap in order to limit the relative air gap variations.
B. Magnetic Flux Density
The magnetic flux density is measured at different currents and speeds by inverting the current in the primary winding and integrating the voltage measured over the secondary coils. The integration window is manually determined for each measurement based on the primary current. Fig. 5 shows the measured voltage at 1 A (primary winding current) and 100 rpm, with total flux winding in gray and leakage flux winding in black.
The measurement is precise enough to be exploited. The magnetic flux density in this case, calculated by means of voltage integration is 0.336 T. The leakage flux is 22% of the total measured flux (the secondary winding for total flux has five turns, and the secondary winding for leakage flux has three turns).
At constant excitation current, the magnetic flux density inside the sample will decrease when the speed increases, because of the eddy currents inside the sample. This has to be taken into account in the model. The maximum measured average magnetic flux density drop between 0 and 3000 rpm is 11%, as can be seen in Fig. 6 .
C. Torque
The torque is measured for several excitation currents and speed. The measurements are presented in Fig. 7 .
A least squares A · B correlation of the torque is done at each current. The average correlated exponent (B) is 0.7. It is to be compared with the iron losses models.
IV. MODELING AND SIMULATION
A. Power Balance
The system has two power sources, the driving motor supplying mechanical energy and the stator windings supplying electrical energy. It can dissipate power through friction (mechanical losses), eddy current Joule losses in the rotor (along with other iron losses such as hysteresis losses), Joule losses in the stator winding, and induction in the stator winding (Lenz's law) passing to the regulated power supply.
It is assumed that the mechanical losses depend only on the speed of the system, and depend neither on its torque nor on its magnetism. At a given speed, the driving torque without excitation current allows us to identify the mechanical losses. They will be subtracted from the torque measured with excitation current, which leaves only the electromagnetic effects.
The variable magnetic flux in the rotor induces eddy currents, which in turn create Laplace forces. The work of these forces is the electromagnetic braking torque, which is equal to the total braking torque minus the braking torque at the same speed without primary current. The work of these forces can either be converted into Joule losses in the rotor, or passed to the primary winding (which is the case for instance with a solid rotor induction machine) [10] . The power flowthrough the primary winding was measured to be exactly the Joule losses in the stator, which means no mechanical power is passed to the stator winding. Finally, it is concluded that the electromagnetic torque fully corresponds to the iron losses in the rotor.
B. Bertotti Eddy Current Model
The main iron loss source in solid metal is eddy currents. The usual model for iron losses is detailed by Bertotti [7] . It models the iron losses with a thin sheet model, assuming the magnetic flux density is uniform and sinusoidal. The skin effect is neglected, since the frequency is low (50 Hz maximum). The iron loss power density is given by
where B max is the peak magnetic flux density, e is the sheet thickness (5 mm), f is the frequency, and ρ is the resistivity (1 × 10 −7 ·m). A uniform magnetic flux density in the mock-up rotor is considered. With a constant speed, the magnetic flux density at a point on the rotor will be sinusoidal, so the Bertotti model can be used. The total iron losses in the rotor are calculated with this model at 3000 rpm, and compared with the mechanical power losses measured (electromagnetic braking only, the mechanical friction measured without current having been subtracted) measured in Fig. 8 .
The simple eddy current model is rather accurate, except at higher magnetic flux densities (above 1.8 T, near saturation), where it begins to overestimate. The higher the magnetic flux density, the more the eddy currents are the dominant phenomenon. At saturation levels, there should be neither hysteresis nor excess losses because there is no magnetic domain, so no Bloch wall movement [11] , [12] . The magnetic flux density has a constant module and a rotating direction, so under saturation conditions, whatever the direction of the magnetic flux, there is only one large magnetic domain and indeed no wall movement. The iron losses should then be proportional to the square of the magnetic flux density (iron loss formula), because the eddy currents are the only loss source left.
The missing losses at high magnetic flux density could be due to a modification of the eddy current paths due to the lower relative permeability at saturation. This can be later investigated in detail with 3-D finite-elements analysis. The considered eddy current model assumes the sheet is thin, and neglects the changing current paths around the edges and the skin effect. The ratio between the rotor radius and thickness is 0.125, which is not that small and may have to be taken into account at higher magnetic flux densities. In an electric machine, such width to thickness ratio can be found in some parts of the machine, for instance a 3 mm tooth with a 0.35 mm laminated sheet, so it is interesting to investigate further.
C. Finite-Element Method Model
The mock-up is simulated with Ansys Maxwell with 2-D finite-element method. NO20 and pure iron are modeled thanks to anhysteretic B(H ) magnetization curves. The eddy currents are not modeled for the computation of the magnetic flux density.
The magnetic flux density in the rotor is not very homogeneous, with a 40% peak-to-peak fluctuation of the module, as can be seen in Fig. 9 . 75% of this fluctuation is concentrated at the left and right edges of the rotor, with also an important deviation of the flux direction there. This is monitored by plotting the radial and tangential components of the magnetic flux density along circles of several radii, as shown in Fig. 10 . It will be improved in the next version of the mock-up, by reducing the angular opening of the stator, in order to reduce this flux concentration effect. The optimum stator shape that maximizes the flux homogeneity in the rotor can be studied with a finite-element method simulation.
Around the center, below a 20 mm radius, the magnetic flux density is uniform, and its radial and tangential components are sinusoidal. Closer to the edge, above a 30 mm radius, the magnetic flux density is much more disturbed. This phenomenon could be a part of the cause of the iron loss drop at higher magnetic flux densities.
V. CONCLUSION A mock-up of a rotating cylinder in a uniform magnetic field has been built and tested. Its aim is to study the losses of a constant rotating field. This will help developing a vector iron loss model, which really takes into account the interdependency of the magnetization directions.
This mock-up is a lower cost first step toward a more complex one, which will be faster and have a sheet stack rotor. Its rotor is solid iron, in order to increase iron losses and improve their measurability. It does not require complex rotor balancing because it rotates at only 3000 rpm. Several lessons have been drawn in order to prepare the final version. The small air gap induces an important reluctance fluctuation, inducing a large voltage variation in the primary winding. This effect can be reduced by increasing the air gap; the final version can have an air gap of up to 1 mm. The main drawback of a larger air gap is the need for higher excitation currents to reach high magnetic flux densities, but the mock-up was not pushed to its limits (the current density in the primary winding was 2 A/mm 2 at 2 T). The measurement of the magnetic flux by means of secondary windings and current inversion was satisfactory and will be kept. Finally, the magnetic flux density in the rotor was not homogeneous. This can be improved in the next mock-up by a careful study of the stator magnetic circuit. Particularly, the angular opening of the stator directly circling the rotor may be reduced to limit the flux concentration at the left and right edges of the rotor.
Regarding the measured results, the iron losses at low and medium magnetic flux densities can be accurately modeled by a traditional eddy currents model. However, iron losses are lower than expected at higher speeds and higher magnetic flux densities. This could be due to the high thickness to radius ratio, which limits the validity of the thin sheet eddy current model, with different eddy current paths around the edges. This effect might be strengthened near saturation levels because of the low relative permeability. A complete 3-D eddy currents analysis by means of finite-element method simulation would help confirm this hypothesis. These results confirm the need for the development of higher vector iron loss models, which fully take into account different magnetization directions and their interdependency.
